The bacterial stringent response links nutrient starvation with the transcriptional control of genes. This process is initiated by the stringent factor RelA, which senses the presence of deacylated tRNA in the ribosome as a symptom of amino-acid starvation to synthesize the alarmone (p)ppGpp. Here we report a cryo-EM study of RelA bound to ribosomes bearing cognate, deacylated tRNA in the A-site. The data show that RelA on the ribosome stabilizes an unusual distorted form of the tRNA, with the acceptor arm making contact with RelA and far from its normal location in the peptidyl transferase centre.
INTRODUCTION
In order to survive, living organisms need to adapt rapidly to environmental changes. One such adaptation, the bacterial stringent response, is triggered during nutritional stress and uses the alarmone (p)ppGpp (a hyper-phosphorylated version of GDP or GTP) to promote physiological changes via transcriptional regulation [1] [2] [3] . Recently, (p)ppGpp activity has also been implicated in processes such as bacterial virulence [4] or pathogenic biofilm formation [5] . The enzymes belonging to the RelA/SpoT homologue family constitute the group of proteins that regulate the synthesis and/or degradation of (p)ppGpp [6] . Different members of this family have been found in bacteria, plant and even metazoan organisms [7, 8] .
In Escherichia coli and other proteobacteria (b-and g-proteobacteria), the factor responsible for the synthesis of (p)ppGpp in response to starvation is the ribosome-activated enzyme RelA [9] . During starvation, the resulting scarcity of amino acids results in an increase in the concentration of uncharged (that is, non-aminoacylated) transfer RNAs (tRNAs). These uncharged tRNAs could bind to a vacant ribosomal A-site if the corresponding aminoacylated species is not available and thereby stall translation ( Figs 1A,B) . This is the molecular event sensed by RelA, which recognizes arrested ribosomes with cognate, uncharged tRNAs in the A-site, to catalyse the transfer of the b and g phosphates from ATP to GTP or GDP [10] . The interaction with the 3 0 end is crucial for the catalytic activity of RelA in synthesizing (p)ppGpp [10] [11] [12] .
There is, at present, no understanding of the molecular basis for how RelA senses a ribosome stalled with an uncharged tRNA in the A-site. External factors such as RelA would normally be unable to sense the aminoacylation state of the tRNA in the A-site, as its 3 0 end is buried deep in the peptidyl transferase centre. A difficulty with the structural studies on RelA is that it is prone to aggregation at working concentrations [13] . This probably reflects its role in vivo, where it is produced in very low amounts [14] and is regulated through self-oligomerization [15, 16] . Here, we establish a purification protocol and in vitro interaction assay to generate a complex suitable for structural determination using cryo-EM.
RESULTS
The Rel gene and the products of its duplication, RelA and SpoT, are well conserved among bacteria [6] . The RelA gene encodes a single polypeptide of B750 amino acids (Fig 1C) : the aminoterminal domain (residues 1-455), which is responsible for the catalytic activity; the carboxy-terminal domain (455-744), on the other hand, is involved in ribosome binding [17] and oligomerization [15, 16] . In order to establish the minimal requirements for a stable ribosome-RelA interaction, we pelleted various RelA-ribosome complexes through a sucrose cushion and analysed the pellet on SDS-polyacrylamide gel electrophoresis for the presence of RelA. We used full-length RelA protein without any purification tag (see Methods) and a C-terminal deletion mutant, termed NT-454-RelA, that encodes the catalytic N-terminal domain ( Figs 1C,D) . Ribosomes programmed with full occupancy of non-acylated tRNAs at the A-site are able to pull down the largest amount of full-length RelA, in line with previous data [10] . Other studies have suggested that the presence of messenger RNA alone is enough for the ribosome to activate RelA [13] . In contrast, our data suggest that the presence of an uncharged A-site tRNA promotes the efficient binding of RelA to the ribosome (Fig 1D) . This binding requires the presence of the C-terminal domain of RelA as no binding was observed in its absence even in the presence of uncharged A-site tRNA. We did not see any effect of nucleotides on the binding of RelA to ribosomes; hence, all the complexes were generated in their absence.
We next proceeded with single-particle cryo-EM reconstructions of the RelA-ribosome complexes. A reconstruction using the entire data set of B205,000 particles revealed the heterogeneity present in the sample (Figs 2A,B) . No apparent density was present for RelA, and only fragmented density was seen for the deacylated tRNA residing in the ribosomal A-site. Accordingly, we separated the heterogeneous data set into structurally more homogeneous classes, using ML3D [18] Fig S1 online) , clear density could be observed for the E-, P-and A-site tRNAs (Fig 3) . Density that could be identified as RelA was clearly seen, partially overlapping with the binding sites for EF-Tu, EF-G and other essential ribosomal GTPases. The rendered volume for RelA is estimated to enclose B80% of the mass of RelA. The remaining mass of the factor might correspond to dynamic/flexible regions, not fully stabilized.
In the map, the density attributable to RelA can roughly be divided into two separate domains connected by a linker region: one domain contacts the 50S via the L11 lobe, which consists of the N-terminal domain of L11 and nucleotides 1051-1108 of 23S ribosomal RNA (rRNA) ( Figs 3A,B,D) ; the other domain settles in a cavity formed by helices h5 (region comprising nucleotides 358-359 and 55-56) and h14 (nucleotides 340-342) of 16S rRNA ( Fig 3B) . The sarcin-ricin loop, implicated in ribosome-associated GTPase activation for several translation factors [19,] is not seen in interaction distance with RelA ( Fig 3A) . The density for RelA is also seen in close contact with the acceptor stem of the A-site tRNA, which adopts a highly distorted conformation to simultaneously bind RelA through its acceptor arm and the decoding centre in the 30S subunit through its anticodon end (Figs 3C,D). We note that the tRNA CCA end region is seen close to RelA; however, at the density threshold used in rendering NT-454-RelA Structural insights into the stringent response X. Agirrezabala et al scientific report portion of the deacylated tRNA, during the flexible fitting (see below). However, the distorted structure of the tRNA renders the interaction between the acceptor end and RelA possible-that is, the sensing of an uncharged tRNA on the ribosome, which is the result of amino-acid starvation. An atomic model was built for the entire complex by flexible fitting of atomic structures (see Methods). The overall conformation of the A-site tRNA resembles that previously reported for the A/T state of the aminoacyl tRNA in complex with EF-Tu in the ribosome [20, 21] . Both structures (Fig 3E) are characterized by a bend in the anticodon stem loop and a displacement of the D-stem, suggesting that uncharged tRNA can sample the conformational space accessible to aminoacyl tRNA during accommodation [22] . However, because the interactions with RelA are different from those with EF-Tu, the tRNA distortions are slightly different from those of the A/T state [21] . Whereas the distortion in the tRNA begins at the vicinity of base pair 30-40 in a similar way, the bending of nucleotides 25-30 and 40-48 is more abrupt, with resulting differences in the conformation of the D-loop and especially the D-arm. There is also a significant change in the T-loop conformation, which is shifted towards the L11 region ( Figs 3D,E) . At the elbow, nucleotides around 54-60 of the T-loop make contact with the density attributed to RelA. The structure also shows that the anticodon loop is close enough to interact with ribosomal protein S12 (residues 78-80) and helix H69 (nucleotides 1913-1916) , whereas portions of the elbow including nucleotide 56 contact the region around nucleotide A1067 of 23S rRNA, implicated in the GTPase activity of ribosomal factors [23] . Early reports showed an association between RelA and the thiostrepton-binding site on the ribosome, as well as the in vitro inhibition of RelA-dependent (p)ppGpp synthesis by the antibiotic [24, 25] . Thiostrepton binding involves nucleotides A1067 and A1095 of 23S rRNA and the N-term domain of L11 [26] ; hence, the interference of the antibiotic with RelA function can be rationalized in structural terms.
DISCUSSION
There are divergent views from in vitro biochemical studies [13] and in vivo labelling systems [27] on whether (p)ppGpp is produced by RelA on or off the ribosome. In both scenarios, however, the activation of the factor leads to a low-affinity conformation and its subsequent dissociation from the ribosome, which could be a reason for the sub-stoichiometric occupancy in our preparations. Thus, the conformation we observe is likely to be that of the quasi-activated state before its release from the ribosome. Despite the possible transient nature of the ribosomeRelA interaction and the resulting sub-stoichiometric occupancy, it has been possible to determine its structure by using advanced cryo-EM in combination with sorting algorithms.
The stabilization of an unusual conformation of the uncharged A-site tRNA by RelA allows us to propose a mechanism for its activation (Fig 4) . The initial binding of RelA to the stalled ribosome is likely to involve the shoulder region of the small subunit via the C-terminal domain, which represents the regulatory and ribosome-binding domain as shown previously [15, 28] . Along these lines, the binding observed in the assays even in the absence of A-site tRNA (Fig 1D) is regarded as the initial survey of the ribosome complex by RelA to sample the A-site [13, 27] . The ability to contact the CCA end of a nonacylated tRNA that has bounced backwards after not being able to be anchored on the P-site owing to the absence of peptidyl transfer allows a long-lasting interaction, which results in mutual stabilization. The conformation of the tRNA is stabilized in a pseudo A/T state that evocates the one induced by the ternary complex with acylated tRNAs during the delivery of cognate tRNAs in a standard elongation step. A key step in its activation is likely to be its interaction with the 3 0 end of the uncharged A-site tRNA, which is only made possible because its interactions with RelA are sufficiently strong enough to stabilize the distorted conformation of the tRNA. Note that, in the proposed model, the deacylated tRNA moves from the A/A state to an A/T-like conformation before contacting RelA. Although never observed directly, previously published crystallographic ribosomal structures seem to support this notion, as the spontaneous deacylation of A-site tRNAs led to structures in which the anticodon stem loop was ordered and visible but the rest of the body was smeared out because of the reduction of affinity for the PTC and subsequent disordering of the acceptor arm (for example see [29] ). Concomitantly, as a result of the interaction of the elbow region of the tRNA with the L11 region of the 50S subunit, the latter becomes more ordered and facilitates the interaction of L11 with the N-terminal domain of RelA Structural insights into the stringent response X. Agirrezabala et al scientific report
involved in ppGpp synthesis [17] leading to the activation of the factor. Thus, the distorted tRNA configuration allows RelA to sense when there is an uncharged tRNA in the A-site of the ribosome. Presumably, if the tRNA were charged, the probability of it sampling a conformation required for interaction with RelA would be smaller. All in all, the data seem to favour a mechanism in which the discrimination of deacylated tRNAs is based on the A/T-like configuration that provides the scaffold to promote the activated stringent factor conformation. Such a situation can only be reached by tRNAs without amino acid, and hence not fully engaged on the A-site. Previous data demonstrated the critical importance of a free CCA end in the activation of the factor [10] [11] [12] . Indeed, binding experiments using the nonhydrolizable Phe-NH-tRNA Phe (supplementary Fig S4 online) show that in vitro the presence of deacylated tRNA promotes the maximum binding of RelA to the ribosome. In our cryo-EM density (Fig 3) , the CCA end region is seen in interaction distance with RelA; however, at the threshold level used in the rendering, both regions are not in direct contact. The level of involvement of the direct recognition of the deacylation state of the 3 0 end by RelA will definitively require higher-resolution studies. In addition, snapshots of different stages along RelA functioning are still needed to establish the whole picture using structural data.
METHODS
Sample preparation and binding assay. The RelA ORF was amplified by PCR from genomic DNA extracted from the E. coli strain BL21 and cloned in the T7-derived expression vector pRAT-4 [30] modified to in frame add a octahistidine tag at the N-terminal followed by a cleavage sequence for the tobacco etch virus protease. The cloned construct was designed so that after tobacco etch virus treatment only two extra amino acids (glycine þ alanine) would remain on the protein of interest.
RelA was overexpressed in E. coli , the 50S subunit (blue) and tRNAs in the A (magenta), P (green) and E (orange) sites. RelA is shown in red. The molecular structures fitted to the density are shown as ribbon diagrams. The isolated densities for the subunits, tRNAs and RelA are rendered using the same density threshold value. (E) Stereo views of the A-site tRNA in the current structure (magenta, denoted as A/T-like), the A/T state of aminoacyl-tRNA in complex with EF-Tu in the ribosome (yellow) [21] and the 'classical' A-site tRNA (blue) [38] . In each panel, the orientations of the subunits are shown as thumbnails. The following features are also labelled: L1 (stalk that contains ribosomal protein L1); SRL (sarcin-ricin loop); L11 (region that contains ribosomal protein L11 and a segment of 23S rRNA); S12 (ribosomal protein S12); h5 and h14 (helices from 16S rRNA). rRNA, ribosomal RNA; SRL, sarcin-ricin loop; tRNA, transfer RNAs.
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1 M KCl, 1 mM Mg-acetate, 20 mM imidazol, 4 mM -mercaptoethanol and protease inhibitors) and disrupted by sonication. The supernatant of the lysate after centrifugation was loaded on a 5 ml HisTrapHP (GE Healthcare) column. After washing with buffer L, the His-tagged-RelA protein was eluted by a 100 ml linear gradient of 20-500 mM imidazole. A peak for RelA (confirmed by mass spectrometry) eluted with small contamination from endogenous E. coli proteins. The peak was dialysed against 2 L of buffer D (20 mM Tris-HCl pH 7.5, 500 mM KCl, 1 mM Mg-acetate and 2 mM DTT) at 4 1C for 16 h in the presence of purified tobacco etch virus protease at 1/200th the mass ratio of RelA. A second purification step on the 5 ml HisTrapHP column equilibrated in 20 mM Tris-HCl (pH 7.5), 500 mM KCl, 1 mM Mg-acetate and 2 mM DTT was performed in a gradient of 0-500 mM imidazole. The untagged RelA protein eluted as a single, 99% pure, polypeptide. A final dialysis step in storage buffer G 500 (5 mM Hepes-KOH pH 7.45, 500 mM KCl, 10 mM NH 4 Cl, 10 mM Mg-acetate, 5 mM b-mercaptoethanol) yielded a protein with better solubility properties than previously reported for a C-terminal His-tagged version [13] . The NT-454-RelA mutant was cloned and purified following a similar procedure. The NT-454-RelA mutant was more soluble and could be concentrated up to 100 mM in buffer G (5 mM Hepes-KOH pH 7.45, 50 mM KCl, 10 mM NH 4 Cl, 10 mM Mg-acetate and 5 mM b-mercaptoethanol) without aggregation. Ribosomes from Thermus thermophilus HB8, tRNA fMet and tRNA Phe were produced as previously reported [21] . messenger RNAs with sequences 5 0 -GGCAAGGAGGUAAAAAUGUUCAAA-3 0 for the full A-site version and 5 0 -GGCAAGGAGGUAAAAAUGA-3 0 for the version without a codon on the A-site (the codons for fMet and Phe are underlined) were chemically synthesized (Dharmacon). RelA was incubated with ribosomes and the final concentrations of the different components were as follows: 4 mM 70S, 8mM messenger RNA, 12 mM tRNA fMet , 12mM tRNA Phe and 4 mM of RelA (or NT-454-RelA) in buffer G. The 50 ml samples were loaded on top of a 1.5 ml cushion consisting of 1.1 M sucrose and centrifuged for 14 h at 45,000 r.p.m. and 4 1C. The supernatants were quickly removed and the pellets were resuspended in 50 ml of fresh buffer G. A last centrifugation step was performed on a benchtop centrifuge at 12,000 r.p.m. for 5 min. For analysis, 0.25 OD 260 nm per reaction was loaded on an SDS-polyacrylamide gel electrophoresis 4-12% gradient gel. Cryo-EM and image processing. Carbon-coated holey grids were prepared following standard procedures. Low-dose images were taken on Kodak SO-163 films using a JEM-2200FS electron microscope operating at 200 kV and a calibrated magnification of 40,000. Micrographs were scanned on a Z/I Photoscan scanner with a step size of 7 mm, resulting in a final pixel size of 1.75 Å on the object scale. A total of 272 micrographs were selected and assigned to one of 36 defocus groups ranging from 1-4 mm underfocus. In all, 205,502 individual ribosome particles were finally selected by combining automated particle picking [31] , multivariate data analysis [32] and visual inspection.
To separate the heterogeneous data set into structurally homogeneous classes, ML3D, a maximum likelihood (ML)-based classification approach, was used [18] . Preliminary runs made use of decimated particles (70 Â 70 pixels, 5.25 Å /pixel). An angular sampling of 81 was used during the optimization process. Individual angular refinements of the subsets and of the total number of images were carried out using undecimated, original-sized particles in SPIDER [33] .
The bootstrapping method was used to compute the 3D variance map [34] with 15,000 bootstrap reconstructions for each subset. As introduced previously [35] , the number of bootstrap reconstructions was chosen such that the crosscorrelation coefficient between two half-set variance maps was at least 0.97.
Atomic models were obtained using MDFF, a molecular dynamics-based flexible fitting method [36] . The starting structure was the crystal structure of the ribosome bound to EF-Tu and A/T-tRNA [21] . Structural restraints were imposed during the simulations. In the visualization of cryo-EM densities and atomic models, the programme Chimera was used [37] . The RelA-bound ribosome structure has been deposited in the 3D-EM database under the accession code EMD-2373.
